In plants, plasmodesmata (PD) serve as channels for micromolecular and macromolecular cell-to-cell transport. Based on structure, PD in immature tissues are classified into two types, simple and branched (X-and Y-shaped) or twinned. The maximum size of molecules capable of PD transport defines PD aperture, known as the PD size exclusion limit. Here we report an Arabidopsis mutation, decreased size exclusion limit1 (dse1), that exhibits reduced cell-to-cell transport of the small (524 Da) fluorescent tracer 8-hydroxypyrene-1,3,6-trisulfonic acid at the midtorpedo stage of embryogenesis. Correspondingly, the fraction of X-and Y-shaped and twinned PD was reduced in dse1 embryos compared with WT embryos at this stage, suggesting that the frequency of PD is related to transport capability. dse1 is caused by a point mutation in At4g29860 (previously termed TANMEI) at the last donor splice site of its transcript, resulting in alternative splicing in both the first intron and the last intron. AtDSE1 is a conserved eukaryotic 386-aa WD-repeat protein critical for Arabidopsis morphogenesis and reproduction. Similar to its homologs in mouse, null mutants are embryo-lethal. The weak loss-of-function mutant dse1 exhibits pleiotropic phenotypes, including retarded vegetative growth, delayed flowering time, dysfunctional male and female organs, and delayed senescence. Finally, silencing of DSE1 in Nicotiana benthamiana leaves leads to reduced movement of GFP fused to tobacco mosaic virus movement protein. Thus, DSE1 is important for regulating PD transport between plant cells.
I
n plants, micromolecules and macromolecules, such as water, ions, metabolites, proteins, RNAs, and plant viruses, spread from cell to cell through plasmodesmata (PD) (1) (2) (3) . PD are plasma membrane-lined channels spanning plant cell walls that directly connect the cytoplasm between adjacent cells. The axial center of PD contains a cylinder of compressed endoplasmic reticulum (ER) called the desmotubule (DT). Cell-to-cell transport occurs through the cytoplasmic space between the plasma membrane and the DT (1, 2, 4) and also along the ER membrane of the DT (5) . Actin and myosin may regulate PD aperture by forming helically arranged particles and spoke-like structures that connect the DT to the plasma membrane (6) (7) (8) (9) (10) (11) .
PD are classified as primary and secondary according to their origin. Primary PD form during cytokinesis when ER becomes trapped in the newly formed cell wall. Secondary PD form after cytokinesis during cell wall extension and during the development of different cell layers (1) (2) (3) . Morphologically, PD can be classified into simple and branched or twinned forms. Simple PD are single channels connecting two neighboring cells that are predominant in young tissues, such as sink leaves (6, 12) , root and shoot apical meristems (13, 14) , and embryos (15) . Such young tissues also exhibit branched (X-and Y-shaped) PD and twinned PD, the latter consisting of two closely paired simple PD (15, 16) . Twinned PD may represent the formation of new secondary PD from existing simple PD via X-and Y-shaped intermediates (3, 17) . In contrast, mature tissues, such as source leaves, contain mostly branched PD comprising multiple channels that interconnect to form branches through the cytoplasmic sleeve (6, 12) .
PD have different transport capacities, usually measured by their size exclusion limit (SEL), defined as the size of the largest molecules that can diffuse through PD. PD SEL is an important regulator of plant development and has been studied extensively during leaf maturation. Simple PD in sink tissues have larger SELs than highly branched PD in mature source tissue in leaves (12) . PD SEL in leaves is not static (18) and is affected by such biotic and abiotic factors as turgor, wounding, long-term osmotic stress, hypoxia, and pathogenic infection (19) .
Embryogenesis is an emerging system for studying PD function and SEL. The Arabidopsis embryo undergoes temporal and spatial changes in PD transport resulting in the establishment of symplastic fields corresponding to the morphogenetic regions that will give rise to the major plant organs: cotyledon, shoot apical meristem, hypocotyl, and root (20) . Down-regulation of PD aperture in embryo development occurs at the midtorpedo stage (21) . This transition in embryonic PD aperture provided the basis for a genetic screen that identified two mutants, increased size exclusion limit1 (ise1) and ise2, that fail to down-regulate PD permeability (22, 23) . These mutants also have increased proportions of branched (X-and Y-shaped) PD and twinned PD (15) . Here we report a mutation with the opposite phenotypedecreased PD aperture-termed decreased size exclusion limit 1 (dse1). Reduced PD transport was observed in Arabidopsis dse1 embryos and also after virus-induced gene silencing of DSE1 in Nicotiana benthamiana leaves. Consistent with results from ise1 and ise2 mutants, dse1 mutants contain fewer X-and Y-shaped PD and twinned PD than their WT counterparts. Thus, increased or decreased movement via PD correlates with the extent of X-and Y-shaped and twinned PD.
Results

Identification of a Mutant with Decreased PD SEL in Arabidopsis
Embryos. We previously used hydrophilic fluorescent (F) symplastic tracers to measure the transport capacity of cells during different stages of embryogenesis. The low molecular weight (524 Da) tracer 8-hydroxypyrene-1, 3, 6-trisulfonic acid (HPTS) moved through all cells in embryos from globular to late torpedo stages; in contrast, 10-kDa F-dextrans moved from cell-to-cell only during early embryogenesis up to the midtopedo stage (21) . We originally used this down-regulation of F-dextran movement to screen torpedo embryos from embryo defective (emb) lines to Author contributions: M.X., E.C., T.M.B.-S., and P.C.Z. designed research; M.X., E.C., and T.M.B.-S. performed research; M.X., T.M.B.-S., and P.C.Z. analyzed data; and M.X. and P.C.Z. wrote the paper.
identify ise-type mutants with the increased capacity to transport F-dextrans (21) . In the present study, we again performed a large-scale screening of ethyl methane sulfonate mutagenized emb lines, but instead we scored for the opposite phenotype, reduced PD movement of the low molecular weight tracer HPTS. HPTS movement was severely restricted in the defective embryos of one mutant line, dse1 ( Fig. 1 B and C) , but HPTS moved freely from cell-to-cell in WT embryos segregating in the same siliques, as expected (Fig. 1A) .
Frequency of X-and Y-Shaped and Twinned PD Is Decreased in dse1
Embryos. In young developing tissues with predominantly simple PD, do novo PD formation likely occurs via the formation of intermediate structures, such as branched PD without central cavities, herein defined as X-and Y-shaped PD, resulting in twinned PD (3, (15) (16) (17) . We predicted that PD transport is related to the frequency of PD formation, that is, the frequency of X-and Y-shaped and twinned PD. Indeed, ise1 and ise2 mutants exhibit increased intercellular movement and increased frequencies of X-and Y-shaped and twinned PD (15) . Thus, we tested whether the frequency of X-and Y-shaped and twinned PD is altered in dse1 embryos with reduced PD transport. We examined at least 350 PD in the hypocotyls of three separate torpedo-staged embryos from both dse1 and WT. PD were classified as simple single channels or as X-and Y-shaped and twinned PD (Fig. 1 D-F) . Twinned PD are pairs of simple PD within <100 nm (15, 16) . We found that dse1 embryos contained only 6.6% X-and Y-shaped and twinned PD, significantly less than the 10.2% in WT embryos observed here (Fig. 1G ) and in a previous study (∼10%) (15) . In contrast, ise1 and ise2 embryos with increased PD transport contain ∼14% and ∼28% X-and Y-shaped and twinned PD, respectively (Fig. 1G) (15) . Taken together, these data indicate that that the frequency of X-and Y-shaped and twinned PD structure is strongly correlated with PD transport function.
Molecular Cloning and Characterization of dse1. dse1 mutants are grown as dse1 heterozygous plants, in which the defective embryos segregate in siliques at the expected ratio for a singlerecessive mutant. Map-based cloning localized dse1 to chromosome 4 close to marker PRHA (Fig. S1 ). Deep sequencing of this region revealed a single nucleotide change in At4g29860, which consists of 13 exons and 12 introns ( Fig. 2A) . In dse1, the splice donor site of the last intron of At4g29860 is mutated from guanine (GT) to adenine (AT) (Fig. 2A) . At4g29860 was previously known as TANMEI/EMB2757 (TAN) (24) . Similar to tan, dse1 embryos are developmentally retarded and accumulate anthocyanin at the junction between the cotyledons and hypocotyls, corresponding to the shoot apical meristem (Fig. S2) . These data suggest that reduced PD transport in dse1 at this critical source of meristematic cells likely causes stress, resulting in accumation of anthocyanin. Crossing heterozygous dse1 to heterozygous tan-2 (Salk 097510), a T-DNA insertion mutant in At4g29860, demonstrated that dse1 and tan-2 are allelic. HPTS movement in tan-2 embryos was restricted as well (Fig. S3) . Constructs carrying either the genomic fragment of At4g29860 or the At4g29860 cDNA under control of the native promoter fully rescued the dse1 phenotype. Thus, the dse1 mutant identified here results from G-to-A mutation at the splice junction of exon 12 in At4g29860.
We predicted the dse1 mutation would lead to defective splicing of dse1 mRNA, because the mutation occurs at a splice donor site (Fig. 2A) . Indeed, dse1 cDNA products were detected as two bands (Fig. 2B) ; sequencing of dse1 cDNAs across exon 12-intron 12-exon 13 revealed that the lower band contains two variants (V1 and V2), whereas the upper band (V3) is due to the retention of intron 12 (93 bp) (Fig. 2C ). V1 and V2 are due to alternative splice donor sites either 16 bp upstream or 4 bp downstream of the mutated donor splice site in dse1 (Fig. 2C) . Interestingly, we also observed an intron 1 splice variant, Va, in dse1 mRNA with an alternative splicing acceptor site 14 bp upstream of the WT site ( Fig. 2 D and E) ; the resulting mRNA contains several premature stop codons. Sequencing dse1 mRNA in heterozygous embryos also revealed alternative splicing of the first and last introns; however, no alternative splicing was detected in DSE1 transcripts from homozygous WT embryos ( Fig. 2 B and C) . This indicates that the alternative splicing observed in embryos is specific to dse1 transcripts. Previous studies reported alternative splicing in the first intron only in WT tissues after embryogenesis (24) .
To examine whether a lack of DSE1 has similar effects on cell-to-cell movement in other plant species and in nonembryonic tissues, we cloned and silenced DSE1 homologs NbDSE1 (GenBank accession no. HQ873433) in N. benthamiana leaves via virus-induced gene silencing with tobacco rattle virus (TRV)-based vectors. Agrobacteria containing TRV-NbDSE1 were introduced into 3-wk-old N. benthamiana leaves via infiltration. NbDSE1 mRNA was significantly reduced in the leaves above the initial inoculated leaf at 14 d postinfiltration in TRVNbDSE1 plants compared with control plants infiltrated with TRV-GUS (Fig. 3G ).
PD function in DSE1 silenced leaves was examined by monitoring the cell-to-cell movement of tobacco mosaic virus (TMV) movement protein P30 fused to GFP (P30-GFP). TMV P30 targets to PD and facilitates intercellular transport of viral RNA. We used P30-GFP rather than soluble GFP (sGFP) to monitor cell-to-cell movement, because P30-GFP forms puncta that mark PD in all of the cells to which it has moved and is easier to track by fluorescence microscopy compared with sGFP (15) . In leaves, P30-GFP moves from an originally transfected epidermal cell both horizontally to adjacent epidermal cells (Fig. 3 A, C, and D) and vertically to adjacent mesophyll cells below (Fig. 3 B, C , and E). We used dilute concentrations of Agrobacterium carrying the 35S::P30-GFP expression construct to ensure that individual transformed foci were well separated from one another, to allow accurate monitoring of P30-GFP movement. We monitored movement in more than 40 foci in five experiments at 48 h postinfiltration (hpi) of Agrobacterium. At 48 hpi, P30-GFP moved horizontally to at least one ring of epidermal cells away from all primary infected cells. However, movement to two or more rings of cells was greater in control leaves than in DSE1-silenced leaves, in ∼80% versus ∼50% of the foci, respectively (Fig. 3F) . Vertical movement into the mesophyll layer was similarly reduced in DSE1-silenced leaves (Fig. 3F) . Thus, reducing DSE1 expression in N. benthamiana reduces PD-mediated horizontal and vertical transport in leaves, consistent with the reduced movement of fluorescent tracers in Arabidopsis dse1 embryos.
Subcellular Localization of AtDSE1. AtDSE1 is a putative 386-aa WD40 protein (24) that has homologs in all eukaryotes and only in eukaryotes (Fig. S4) . AtDSE1 forms an eight-bladed propeller-like structure (Fig. 4A) , according to the I-TASSER prediction program (25) . N-and C-termini of native AtDSE1 are predicted to be exposed and to not be part of the propeller structure (Fig. 4A) , so fusing GFP to either terminus of AtDSE1 is unlikely to perturb the native structure. Indeed, both fusion proteins GFP-AtDSE1 and AtDSE1-GFP expressed under the DSE1 native promoter are fully functional and rescue dse1 mutants and the null embryo lethal tan-2 mutation. We could not observe the GFP signal or detect fusion proteins using GFP antibody in any rescued plants, however. Thus, we examined the subcellular localization of AtDSE1 in N. benthamiana leaves after 35S promoter-mediated transient expression of N-and Cterminal GFP fusions to AtDSE1. Western blot analysis revealed both fusions of the expected size of 70 kDa, with no breakdown products. GFP-AtDSE1 or AtDSE1-GFP was consistently detected in both cytoplasm and nuclei (Fig. 4B) ; thus, AtDSE1 likely functions in both the nucleus and the cytoplasm.
DSE1 Is Expressed Ubiquitously and Is Essential for Arabidopsis
Reproduction. To further investigate the role of DSE1 during development, we characterized its expression pattern and the growth pattern of dse1 mutant plants. Northern blot analyses and quantitative PCR revealed At4g29860 (DSE1/TAN) expression at different developmental stages in all tissues examined, including roots, rosette leaves, shoots, flowers, and siliques (24). Here we expressed GUS under the DSE1 promoter to provide more details about the cell and tissue types in which DSE1 is expressed; for example, the DSE1 promoter is very active in the shoot apex, and its activity in roots is confined to the vascular system (Fig. S5) . Overall, our data indicate that the DSE1 promoter is active throughout the plant life cycle, from embryogenesis to seed set (Fig. S5) . Not surprisingly, dse1 plants exhibit growth defects at all developmental stages, as described below.
Previous studies with tan-1 monitored seedlings only at the cotyledon stage (24) . We found that germination on agar medium supplemented with sucrose allowed dse1 seedlings to develop true leaves ( Fig. S6 A and B) . Such plants survive in soil and can initiate flowering, albeit after a delay of 1 or 2 wk compared with WT grown under the same conditions (Fig. S6C) . dse1 plants lose apical dominance and produce smaller abnormal flowers, often with altered organ numbers. dse1 gynoecia do not set seeds (Fig. 5A and Fig. S6D ). This infertility is due at least in part to the abnormal development of dse1 stamen; anther filaments do not extend, and no pollen is released from anthers ( Fig. 5 A and B) . The requirement for DSE1 in stamen development is consistent with the DSE1 expression pattern revealed by the pDSE1::GUS reporter line. DSE1 expression in anthers begins just when the filaments start to elongate (stage 12) (Fig. 5D) , and continues to later stages (Fig. 5E) .
Because DSE1 is constitutively expressed in gynoecia (Fig. 5  C-E) , we suspected that dse1 also affects female organ development. Indeed, no seeds were produced after hand pollination with WT pollen. To further investigate this dysfunction, we examined WT pollen tube growth on dse1 gynoecia. We found that WT pollen germinates normally on dse1 stigma and produces tubes throughout the style by 3 h postpollination (hpp), as on WT stigma (Fig. 5 F and G) . Afterward, pollen tubes grow very slowly on dse1; at 24 hpp, pollen tubes barely reach the middle region of the gynoecium, remain in the transmitting tract, and do not migrate toward ovules (Fig. 5G) . No further growth is observed at 48 hpp. In contrast, on WT gynoecia, pollen tubes grow basipetally to the bottom of the transmitting tract, and at 24 hpp, pollen tubes emerge from the septum and grow toward and start to penetrate ovules (Fig. 5F ). Mature dse1 ovules are also abnormal, accumulating internal aggregates of aniline blue staining callose (Fig. 5G, Inset) . dse1-defective ovules likely fail to signal pollen tube elongation. Thus, DSE1 is essential for signal transduction and development of both male and female organs.
Discussion
Here we analyze a mutant with reduced PD-mediated intercellular transport, dse1. Movement of the low molecular weight tracer HPTS is severely restricted in Arabidopsis dse1 embryos and tan-2 (an allele of dse1) embryos. Similarly, P30-GFP movement is reduced in N. benthamiana leaves after gene silencing of NbDSE1. Significantly, the proportion of X-and Yshaped and twinned PD is reduced in Arabidopsis dse1 torpedostaged embryos compared with WT. The correlation between reduced transport in dse1 embryos and reduced frequencies of X-and Y-shaped and twinned PD is consistent with our findings in ise1 and ise2 mutations with the opposite phenotype (15, 22) . In Arabidopsis ise1 and ise2 mutant embryos and ISE1-or ISE2-silenced N. benthamiana young leaves, increased cell-to-cell transport is associated with increased X-and Y-shaped and twinned PD (15) . Taken together, these data suggest a simple strategy for regulating intercellular transport: more PD orifices result in more transport.
Another mutant with reduced intercellular movement, GFP arrested trafficking 1 (gat1) contains 9% branched PD in the root apical meristem (26) , similar to the 10% observed in WT embryos in the present study and in a previous intensive quantitative study of PD in immature WT tissues (15) . However, 5% of gat1 PD were occluded, but none were occluded in dse1 embryos. Thus, dse1 and gat1 regulate PD structure and intercellular movement via PD in a different manner. This hypothesis is further supported by two major differences in the manner in which the mutants were isolated. gat1 was identified by reduced movement of 27-kDa GFP in vascular tissues, whereas dse1 was identified by reduced movement of the small 524-Da tracer HPTS in cells throughout developing embryos.
PD structure and function are important to plant development. Here and in our previous studies, we used mutants that are embryo-defective and can develop to a stage at which their tissues can be assayed for PD function. We specifically chose the midtorpedo stage for investigation because we determined that cellto-cell transport was specifically altered (reduced) at this stage compared with earlier stages of embryogenesis (21) . However, it is critical to note that null mutants of DSE1, ISE1, and ISE2 are embryo-lethal (22-24), attesting to their essential roles. The dse1 point mutation has less severe phenotypes but still exhibits developmental defects. During the first 6 wk of seedling development, dse1 plants are smaller than WT, and flower initiation is delayed. dse1 flowers are abnormal; both male and female organs are infertile. AtDSE1 encoded by DSE1/EMB2757/TAN-MEI belongs to the WD-repeat (WDR) protein superfamily. It forms a β-propeller structure with eight blades (25) , six of which are WDRs. AtDSE1 is critical to plant development but is undetectable by Western blot analysis, suggesting that it functions at low protein levels or experiences rapid turnover. The integrity of the propeller structure is critical to the function of AtDSE1, as demonstrated by the finding that the absence of only the C-terminal 34 amino acids of the last WDR in dse1 leads to notable pleiotropic phenotypes. DSE1 transcription is regulated in a complex manner. The amount of DSE1 mRNA and the activity of DSE1 promoter are distinct in different tissues (24) (Fig. S5) . Moreover, DSE1-specific mRNAs are distinct in different tissues; alternative splicing at the first intron of DSE1 that disrupts the coding frame occurs in WT seedlings (24), but not in WT embryos, as shown here.
WDR proteins are thought to function as structural platforms for mediating the formation of stable or reversible protein complexes that play important roles in various pathways, including signal transduction, cytoskeleton assembly, protein trafficking, nuclear export, and pre-RNA processing (27) . Phylogenic analyses have revealed numerous AtDSE1 homologs in all eukaryotes, from protozoa to mammals. Mutation of the DSE1 homolog in mouse (Gnbl1) also leads to embryo lethality (28), but no DSE1 homologs have known exact functions. The only clue is that the DSE1 homolog in yeast, YPR085C /Asa1, interacts with telomere-binding protein interacting protein 1 (29) , suggesting a possible role in telomeric chromatin regulation and chromatin remodeling. (Note that the yeast asa1 mutant is lethal as well.)
Five mutants with altered PD function in Arabidopsis have been described to date: ise1, ise2, gat1, dse1, and glucan synthase like 8 (gsl8). All five of these mutants produce severe phenotypes during embryo or seedling development; however, except GSL8 none encodes proteins that localize to PD. ISE1 encodes a mitochondrial DEAD-box RNA helicase (22) , ISE2 encodes a chloroplast DEVH-type RNA helicase (23, 30) , GAT1 encodes a chloroplast thioredoxin (26) , and DSE1 encodes a WDR protein that localizes to the nucleus and cytoplasm. Only, GSL8 encodes a putative glucan synthase, that may localize close to PD, as it is involved in callose deposition in cell walls at the cell plate (31) . These data strongly support that in addition to PD localized proteins, proteins regulating cellular homeostasis are critical for PD function and concomitant developmental pathways. The cellular processes influenced by ISE1, ISE2, GAT1, and DSE1 likely affect common factors that regulate the modification of PD structure and function. Plastid homeostasis is very important to PD structure and function. GAT1 localizes to plastids (26) , and ise1 and ise2 both dramatically affect the expression of more than 300 nuclear genes essential for chloroplast function (30) . Finally, a mutant of corn, sucrose export defective 1, with decreased PD mediated transport from the phloem encodes a protein that localizes to chloroplasts (32) .
In summary, dse1 profoundly affects PD transport, reducing the transport of even small molecules (<500 Da). It will be interesting to examine whether PD themselves are modified or occluded as a result of altered PD protein composition or whether external factors, such as callose deposition at cell walls surrounding PD, result in the dse1 PD phenotype. Finally, we are excited to investigate whether DSE1 also plays a role in chloroplast homeostasis (like the mutants mentioned above) or whether it acts to regulate PD formation and function through another pathway.
Materials and Methods
Plant Materials and Growth Conditions. Here 5,000 ethyl methane sulfonatemutagenized lines of Arabidopsis thaliana Landsberg erecta (Ler) previously identified as carrying embryo-defective mutants capable of developing to the torpedo stage of embryogenesis (21) were screened individually by fluorescence microscopy for reduced transport of HTPS. Lines were propagated as heterozygotes, so that homozygous defective embryos were observed segregating in developing siliques. The dse1 heterozygous line was backcrossed four times to Ler WT before analysis. tan-2 [SALK_097510, ecotype Columbia-0 (Col-0)] was obtained from the Arabidopsis Biological Resource Center. Unless noted otherwise, plants were grown in soil under long-day conditions (16-h light/8-h dark) at 22°C with a light intensity of 120 μmol photons m −2 s −1 . To obtain homozygous dse1 plants, seeds from heterozygous dse1 plants were surface-sterilized, plated on 1/2 Murashige and Skoog medium supplemented with 0.5% sucrose, stored at 4°C for 3 d, and placed under continuous light for germination and growing. Two-wk-old dse1 seedlings were transferred to soil and grown as above.
dse1 Complementation. For complementation, dse1 heterozygous plants were transformed with binary vectors pCBM3 or pCBM5. The genomic DSE1 fragment (∼5.9 kb) starting from 2.5 kb upstream of the ATG of DSE1 to 1.0 kb downstream from the stop codon was PCR-amplified from Ler and cloned into the PstI site of pCAMBIA3300 (Cambia), generating pCBM3. For pCBM5, the PCR-amplified 2.5-kb DSE1 promoter was first cloned into pRTL2-sGFP (33) between EcoRV and NcoI sites, generating pRTL2-pDSE1:: sGFP. Next, sGFP in pRTL2-pDSE1:: sGFP was removed by NcoI-NotI digestion and replaced with RT-PCR-amplified DSE1 coding sequences (CDS) generating pRTL2-pDSE1::DSE1CDS. Finally, the pDSE1::DSE1CDS::nos&35s terminator cassette was released from the latter plasmid using SbfI, and this fragment was cloned into the PstI site of pCAMBIA3300, generating pCBM5.
Constructing GUS Reporter Lines. The GUS gene was amplified and used to replace sGFP in pRTL2-pDSE1:: sGFP. pDSE1::GUS cloned into pCAMBIA3300, and then transformed into Col-0.
Dye Loading Assay, GUS Staining, and in Vivo Pollen Tube Guidance Assay. Torpedo-staged embryos were loaded with HPTS (Molecular Probes) as described previously (21) . GUS staining was done following published protocols (34) . For in vivo pollen guidance assays, gynoecia were stained with analine blue as described previously (35) .
GFP Constructs for AtDSE1 Subcellular Localization. DSE1CDS without the stop codon was PCR-amplified from pCBM5 and inserted into the NcoI site upstream of sGFP in pRTL2-sGFP, generating pRTL2-DSE1-sGFP. DSE1CDS with the stop codon was PCR-amplified from PCBM5 and cloned to NcoI-NotIdigested pRTL2-3xsGFP (18) between the first sGFP and the nos terminator, generating pRTL2-sGFP-DSE1. 35S:: DSE1-sGFP::nos&35S terminator and 35S:: sGFP-DSE1::nos&35s terminator were released by Sbf1 and cloned into pCAMBIA3300 to generate C-and N-terminal GFP fusions to DSE1, respectively. Both constructs were introduced into GV3101 and infiltrated into leaves of N. benthamiana (15) . GFP fluorescence was observed and imaged after 48 h by confocal laser scanning microscopy.
RNA Extraction and RT-PCR. Total RNA from Arabidopsis embryos was isolated with the Absolutely RNA Nanoprep Kit (Stratagene). Total RNA from N. benthamiana leaves was extracted with the Qiagen RNeasy Plant Mini Kit. DNA was removed with the DNA-Free Kit (Ambion), and total RNAs were reverse-transcribed using oligo (dT) 18 and SuperScript II Reverse Transcriptase (Invitrogen). First-strand cDNA was subjected to PCR with iProof polymerase (Bio-Rad). The products were separated by electrophoresis, purified, and cloned to pCR 2.1-TOPO (Invitrogen) for sequencing.
Protein Structure Prediction. The amino acid sequence of AtDSE1 was deduced by ExPASy (http://ca.expasy.org/tools/dna.html). The AtDSE1 3D structure was predicted by I-TASSEL (25) .
Transmission Electronic Microscopy. Thin-sections of torpedo-staged embryos from dse1 and Ler were prepared for transmission electron microscopy as described previously (15) . PD structures in longitudinal sections of hypocotyls were examined. Three embryos from each genotype were evaluated. Data were analyzed with the Student t test.
Molecular Cloning of NbDSE1 from N. benthamiana. A BLAST search of the Arabidopsis DSE1 CDS against the Solanaceace database from the Solanaceae Genomics Resource Web site (http://solanaceae.plantbiology.msu.edu/) revealed several hits with high similarity. Based on this information, forward (5′-CCCAGTCTCAGTGCTACGAG) and reverse (5′ TTCCCATAGAGCCACTGTC-GTG) primers were designed to amplify a partial NbDSE1 cDNA fragment via RT-PCR. This partial NbDSE1 cDNA fragment was cloned into the pCR 2.1-TOPO vector (Invitrogen) for sequencing. According to the sequence of the partial NbDSE1 cDNA fragment, primers 5′-CAGCAGCTCCAGAGAGACCAC-CTTTGC and 5′-GCAGGGGAACAAGCTTCTGTGGTTGAG were designed for 5′ and 3′ rapid amplification of cDNA ends (RACE), respectively, using the Smart RACE cDNA Amplification Kit (Clontech). Products were cloned into the pCR 2.1-TOPO vector for sequencing. Finally, sequences from the 5′ and 3′ RACE products were aligned to generate full-length NbDSE1 cDNA (GenBank accession no. HQ873433).
Virus-Induced Gene Silencing and Light Microscopy. A 443-bp fragment of NbDSE1 cDNA (corresponding to the nucleotide sequences encoding amino acids 68-213 of NbDSE1) was amplified by RT-PCR and cloned into the XbaI and XhoI sites of pYL156 (36) to generate pTRV2-NbDSE1 for silencing of NbDSE1 in N. benthamiana. pYC1, pYL156 carrying a GUS fragment (22) , was used as a control. Virus-induced gene silencing was performed by infiltration as described previously (15) . At 14 d postinfiltration, total RNA was extracted from newly emerged leaves to test the expression level of NbDSE1. P30-1xGFP was transiently expressed in silenced plants and examined at 48 hpi by confocal laser scanning microscopy as described previously (15) . The experiment was repeated five times. More than 40 P30-1xGFP foci were imaged for both NbDSE1-silenced and control tissues, and the data were analyzed using the Student t test.
NOTE ADDED IN PROOF
A recent Plant Cell Advance Online Publication describes a mutant, aluminum tolerant 2 (alt2) with reduced uptake of toxic aluminum (37) . alt2 is allelic to tanmei and therefore is also allelic to dse1 described here. Thus, reduced uptake of aluminum in alt2 may be in part be explained by reduced PD mediated cell-to-cell transport.
